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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 
ESTIMATION OF NEUTRON ENERGY FOR FIRST 
RESONANCE FROM ABSORPTION CROSS 
SECTION FOR THERMAL NEUTRONS 
By Donald Bogart 

SUMMARY 

Examination of published data for some 52 Isotopes Indicates that 
the neutron energy for which the first resonance occurs is related to 
the magnitude of the thermal absorption cross section. The empirical 
relation obtained is in qualitative agreement with the results of a 
simplified version of the resonance theory of the nucleus of Breit-WIgner . 


INTRODUCTION 

The sparsity of Information concerning neutron cross section for 
stable isotopes in the rather wide neutron energy range occurring in 
nuclear reactors makes evaluation of the influence of materials to be 
used in reactors quite difficult. In particular, neutron absorption 
data are In many cases almost completely lacking/ for most Isotopes, 
only the thermal values and a few Isolated higher energy values are 
known. For many nuclei, neutron resonances occur at particular neutron 
energies in the neighborhood of which very large cross sections are 
observed. As indicated in reference 1, appreciable portions of these 
resonances may be absorptive. 

The theory of neutron capture would provide a means for computing 
cross sections if It were possible to carry out the necessary calcu- 
lations with respect to the nuclear energy levels of the compound 
nucleus. Such calculations have proved, for the most part, to be 
Impossible. The theory, however, does Indicate the absorption cross 
section below the first resonance to vary Inversely as the neutron 
velocity. Knowledge. of the position and width of the first resonance 
would determine the neutron energy for which the Inverse- velocity 
variation of absorption cross section ceases. 

From examination of published data for some 52 stable isotopes, 
it is shown that it is possible to obtain an estimate of the neutron 
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energy at which* the first resonance 9 c cure from the thermal neutron 
absorption cross section. The empirical relation obtained from the 
experimental information is in qualitative agreement vith the indi- 
cations of a simplified version of the resonance theory of the nucleus 
of Breit-Wigner . 


SOURCES OF ISOTOPIC DATA 

The physical data for 34 isotopes, for ■which the thermal absorption 
cross section and the neutron energy for the first resonance 

Er have been assigned vith reasonable assurance, are presented in 
table I . 

Neutron cross-section data vere taken principally from reference 2 
in -which the graphs of total cross section as a function of neutron 
energy served to locate generally the first fev veil-defined resonances. 
The specific energies at which the resonances occurred and isotopic 
assignment vere verified for most of the isotopes from the original 
papers referred to in reference 2. A fev elements listed, composed of 
a number of isotopes, contain a single preponderant isotope; the first 
strong resonance indicated on the total cross-section curve was assigned 
to this isotope. 

For elements for which fairly complete data are. available, there 
is usually a small gap in the total cross-section curve in the neutron 
energy range between the upper limit available from slow neutron 
spectrometers and the lower limit of particle accelerator neutron 
sources. Where values of total cross sections at these limits matched, 
it was assumed that no resonances occurred in this gap. 

Isotopic thermal absorption cross sections and relative isotopic 
abundances of the elements were taken from references 3 to 7; the pile, 
oscillator values of thermal, absorption cross section vere chosen 
vherever available. A few unknown isotopic thermal absorption cross 
sections vere estimated from the known thermal absorption cross sections 
•* for the other isotopes of the element and the relative isotopic abundances . 
Additional resonance data were obtained from references 8 to 13 . 

Data on nine elements, each consisting principally of two isotopes 
with known thermal -absorption cross sections and having well-defined 
resonance peaks on the total cross-section curves are presented in 
table II. The lowest two resonance peaks have been assigned to .the 
two individual isotopes in accordance with an empirical relation to be 
observed from the data of table I. 
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CORRELATION OF THERMAL ABSORPTION CROSS SECTION 
WITH NEUTRON ENERGY FOR FIRST RESONANCE 

The dependence of thermal-absorption cross-section o'a^ (corres- 
ponding to an energy of 0. 025 ev) on the neutron energy for the first 
resonance Er for the isotopes of table I Is presented in figure 1. 

The even-even, even-odd, odd-even, and odd-odd nuclei are indicated as 
such. With the exception of the two odd-odd lithium and nitrogen 
nuclei, there is a general correlation between ffath an d Er* It is 

apparent that Er increases with decreasing cr a th r a-ther irregularly. 

It is, however, impossible to draw any conclusions concerning differ- 
ences in the behavior of even- even, even-odd, and odd-even nuclei. 

The dependence of on Er for the nine pairs of isotopes 

of table II is presented in figure 2. {The well-defined resonances for 
each element have been. assigned to the isotopes of the element in 
accordance with the general relation represented in figure 1. All of 
these isotopes happen to be odd-even- nuclei with exception of the odd- . 
odd boron isotope. Again, although the scatter in the data Is large, 
the same general relation holds. 

Analysis in reference 13 ctf the neutron cross-section data 

indicates the presence of resonances at energies below the well-defined 
resonance at 2 Mev; the reference suggests that a number of resonances 
combine to form a broad peak near 100,000 electron volts. For energies 
in the region of 100,000 electron volts, the odd-odd boron isotope 
still departs significantly from the other nuclei. 

A reason for the large scatter at the high energy resonances may 
be the following: The low energy first resonances are observed princi- 

pally in heavy nuclei for which neutron capture with gamma or beta 
emission is the dominant absorption reaction. The neutrons involved 
have minimum angular momentum, and resonance processes involving them 
would be expected to be related to the thermal cross section, which is 
also due to these s-neutrons. The high energy first resonances occur 
mainly in light nuclei involving neutron capture with emission of 
various particles; the neutrons involved may possess one or more units 
of angular momentum, so the resonance processes are not expected to be 
related to the thermal - ab sorption process. For example, as cited in 
reference 14, the resonance absorption of neutrons by Li® with alpha 
emission at energies of about 250,000 ev is known to be due to p-neutrons 
(neutrons with one orbital 'unit of angular momentum) . 

The data of figures 1 and 2 are replotted in figure 3 for compari- 
son. The paired isotopic data fall within the scatter of the data of 
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figure 1. Except for the three odd-odd nuclei Li 6 , and u- 1 - 4 , 

all of the available isotopic data have some measure of correlation. 

Additional contributory evidence of the validity of the general 
relation indicated in figure 3 is presented in table III. The resonance 
energies qualitatively indicated in the table fall, within the scatter 
of data in figure 3. 


IMPLICATIONS FROM NEUTRON RESONANCE THEORY 


Hie general dependence of cr a -th on ®R sllo ' wn in figure 3 may 
be explained by the theory of excited states of the compound nucleus. 
Development and application of this theory are presented in refer- 
ences 15 and 16; it will be shown that after introducing some fairly 
general experimental information into the theory, the theory approxi- 
mates the experimental data concerning the individual nuclei. 


The cross section for an absorption or scattering process as a 
function of the energy of the incident particle near an isolated 
resonance is given by the Breit-VTigner single level formula. Inasmuch 
as the data in question are concerned with energies below the first 
level, the single level formula will essentially give correct results 
down to "very low energies . 


The absorption cross section a a for a neutron of kinetic energy 
E incident upon a nucleus with a resonance level occurring at a 
neutron energy Er (both energies measured in the center of mass 
system) is given by 


ff a *» JtK*Rg 



r a r n 

(E-Er) 


2 


( 1 ) 


where 2jtK and 2n% are the neutron wave lengths corresponding to 
the energies E and E^, respectively, and F a and r n are the energy 
widths for the emission of a y-ray or a charged particle (neutron 
capture) and the emission of a neutron (scattering), respectively, at 
the energy Er. The total width- T is given by the sum of the partial 
widths F a and T n> which are measures of the relative probability 
of neutron absorption and scattering. 


The quantity g is a statistical weight factor determining the 
fraction of the total resonance states of the compound nucleus corres- 
ponding to a particular process. If a neutron has no angular momentum 
with respect to tKe nucleus by which It is captured, which is usually 
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the case,, and if this nucleus has the spin I, then the quantity g 
is given by 

g = ^ (l ^ 21 + 1^ 

For large I, g has a value of about for X equal to zero, 

only the plus sign is significant and g has its maximum value of 1; 
it has its minimum value of ^ for I of If, for simplicity, a 
value of g equal to ^ is introduced in equation (1), the largest 
error resulting in c a is a factor of 2. 

The remaining quantitites affecting cr a are the neutron absorp- 
tion and scattering widths F a and r n . Empirical and theoretical 
rules for estimating these values for various nuclei are presented in 
references 15 and 16, The absorption width T a corresponding to the 
emission of y-rays or of charged particles has been inferred from 
experimental data. Bethe (reference 15) has summarized the results 
for widths corresponding to y-ray emmission; his results indicate that . 
r a are of the order of 0.1 to 1 electron volt for most of the medium 
heavy nuclei ) for light nuclei (as obtained from proton capture data) 

T a is of the order of 1 to 10 electron volts. An approximate express- 
ion for the neutron width may be obtained from experimental data 
summarized in references 15 and 17 and from the theoretical discussion 
in references 16 anfl 18. The results can be represented by the follow- 
ing equation: 

r n = C \/Er D (3) 

where C is constant for a given nucleus and varies from. lCT 4 to 
_ 1 

1CT 3 (ev) ^ for various nuclei and D is the resonance level spacing. 

The resonance level spacing D is not known for most nuclei. If, 
however, D is taken as being approximately equal to the kinetic energy 
Er of the neutrons corresponding to the first resonance, equation (3) 
becomes 

r n = c(Er) 3 / 2 ( 4 ) 

In order to check the values of T a and T n given and to determine 
C of equation (4) more precisely, use is made of the exper ime ntal data 
of reference 1 wherein measurements of resonance scattering and reso- 
nace absorption integrals and average values of the reso nan ce scattering 
fraction Y-^Jv are presented for a number of elements and isotopes. 
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From these data, values of gr have been computed; by assuming a 

value of g of ^ (for reasons explained previously) the -width values 
r n and r a have been calculated for these elements and isotopes. 

These data are presented in table IV. The widths r n and T a are 
also represented as a function of ER in figures 4 and 5, respectively. 
The dependence of T n on Eg is reasonably well represented by equa- 
tion (4) with C = 5xi0" 4 (ev) which is represented by the straight 

line In figure 4. The absorption widths T a increase with Eg as 
indicated in figure 5; the average Is about 0.1 electron volt as claimed 
by Bethe. 

If the absorption cross section is measured in barns and neutron 
energies and widths are measured in. electron volts, the single resonance 
level formula of equation (l) may be written 


_ 65.8X1Q 4 g 

VeV% 



r a r a 

+ (e-e r ) 2 


(5) 


Using a value of g of i and width T n as given by equation (4) 

with a value of C of 5*10 -4 , the absorption cross section o a is 
given by 


rr - .... 

165 r a Eg 

a 

/s/e 

(5X10“ 4 Er 3 / 2 + 2 

- 


( 6 ) 


For .resonance energies above 1 electron volt, the effect of the 
total width in equation (5) or (6) is negligible so that the thermal 
absorption cross section cr a ^ evaluated at E equal to 0.025 electron 
volt may be given by 


1040 r„ 

“Oth - -Eg- 4 


( 7 ) 


Inasmuch as' T a is almost independent of Er, equation (7) provides 
the reason for the correlation between Og^ and Er. 
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Equation (7), -with, the assumption of T a of 0.1 electron volt, 
is plotted in figure 3 . and appears to agree fairly well with the experi- 
mental resonance data of the medium and heavy nuclei where the assump- 
tions made are most valid. Equation (7) with a T a of 10 electron 
volts, as appropriate for the case of light nuclei (in accordance with 
summary of experimental data in reference 15), is also plotted on 
figure 3 and is in fairly good agreement with the experimental results 
obtained for light nuclei. 

The isotopes Gd^^, Sm 14: ^, and Cd 13 -^ have resonance energies 
which are small compared with their widths so that equation (l) does 
not apply. The thermal-absorption cross section at 0.025 electron volt 
for Sm"5 is 822 average over the thermal spectrum of neutrons and so 
includes considerable contribution from .the resonance peat. It is not 
surprising, therefore, that these isotopes (fig. 3) show cross sections 
in excess of that given by equation (7). 


CONCLUDING REMARKS 

Examination of published data for some 34 isotopes indicates that 
the neutron energy for which the first resonance is observed is related 
to the magnitude of the thermal absorption cross section in a way 
indicated by the theory of the compound nucleus. 

The empirical relation is applied to nine pairs of additional 
isotopes with well-defined resonances, but with uncertain isotopic 
assignment, as .additional evidence of the correlation. 

Lewis Flight Propulsion Laboratory, 

National Advisory Co mmi ttee for Aeronautics, > . _ 

Cleveland, Ohio . 
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TABLE I - ISOTOPIC DATA 




Isotope Abundance 
in element 
(percent ) 


100 

7.30 

100 

98.89 
99.64 
99.76 
00 
00 

78.98 
00 

92.19 

95.06 
96.92 


52.23 

15.71 

00 

28.64 


ffa th Reference 
( barns ) 


0.006 

890 

.0085 

.0035 

1.86 

.001 

.01 

.47 

.027 

.22 

.08 

.48 

.0002 

4.72 

12.8 

34.2 

1 

13.7 
150 

11 

30.0 

83.7 

24.000 
1.40 
6.06 

65.000 
135 
240 

240,000 

21.3 

34 

1000 

130 

95 


U e r 

Reference 

I ( ev ) 



1,100,000 

270.000 

625.000 

3,600,000 

500.000 

440.000 
35,000 


230,000 


600,000 

111,000 

255,000 


0.096 


0.465 

0.031 

4.1 

18 

0.620 


Estimated from values of cra^h lcnown f° r o^ber Isotopes 
in element and relative isotopic abundances. 
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TABLE II - PAIRED ISOTOPES 


Isotope 


5 B 11 

1 9 K39 

1 9 K41 

29 ° U 65 

ogCu 

31 ° a 7? 

S1 ^79 

35 

35BX* 81 

. a m 113 


5lSb; 

5i sb ; 


Abundance 
in element 
(percent) 

aa th 

(barns) 

Reference 

(^> 

Reference 

18.83 

3800 

(a) 

2 , 000,000 

2 

81.17 

0.05 

5 

430,000 

2 

93.08 

2.13 

(a) 

70,000 

• 2 

6.91 

1.0 

5 

305,000 

2 

69.09 

4.3 

3 

570 

3 . 

50.91 

2.1 

3 

3000 

3 

60.2 

1.5 

3 

278 

8 

39.8 

3.4 

3 

100 

8 

50.57 

10.9 

• 5 

34 

9' 

49.43 

2.25 

5 

125 

9 

4.16 

' 58 

5 

3.8 

2,3 

95.84 

197 

5 

- 1.44 

2,3 

57.25 

6.8 

5 

5.8 

2,3 

| 42.75 

2.5 •’ 

5 

15 

2,3 

37.07 

101 ■ 

5 

2.15 

2,10 

62.93 

75 

5 

4.5 

2,10 

29.52 

7.6 

5 

230 

( b ) 

70.48 

0.11 

5 

4300 

( b ) 

tf 


Estimated from values of cg^ known for other isotopes 
in element and relative isotopic abundances . 

Data obtained at Columbia University. " 











TABLE III - CONTRIBUTORY EVIDENCE 




Isotope 

Abundance 
in element 
(percent) 

ffa th 

(barns) 

Reference 

Resonance energy 

Reference 

IB* 40 

99.60 

0.60 

3 

Resonance above 10,000 ev suggested 

12 

2 1 S ° 45 

100 

11.8 

4 

Resonance cited at 1000-10,000 ev 

1 

33 A8? ^ 

100 

4.14 

4 

Resonance cited at 100-1000 ev 

1 

40 Zr 90 

51.46 


3 

Resonance dip at 800,000 ev may be 
due to most abundant isotope 

13 

41Nb lL 

100 

1.06 

4 

No resonance apparent below 1000 ev 

14 

ST***?® 

100 

8.8 

4 

No resonance apparent below 700 er 

2 

as 31 - 209 

100 

.015 

3 

No resonance apparent below 1,4 Mev 

2 
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TABLE IV - NEUTRON RESONANCE SCATTERING AND ABSORPTION 
WIDTHS AS CALCULATED FROM EXPERIMENTAL 

DATA OF REFERENCE 1 ^ ^ 


Isotope 

or 

element 

a th 

(barns) 

(ev) 

*n 

r 

(ev) 

r a 

/ n 'i 

(ev) 

r a 

(ev) 

t*- 

CVI 1 
H 
< 
to 

H 

0.22 

2300 

0.99 

11.8 

23.3 

0.24 

25^ 

12.8 

345 

.99 

12.5 

24.8 

.25 

27 Co 

34.2 

120 

.94 

1.58 

2.96 

.19 

29 Cu a ^- 

3.6 

~1000 

.95 

9.40 

17.9 

.94 

Ga ali 

31 ua 

2.8 

~ 200 

.95 

| 1.35 

2.57 

.13 

3S As7S 

4.1 

- 500 

.72 

.89 

1.28 

.50 

45 Rhl ° 3 

150 

1.30 

.043 

1 .0053 

.0005 

.01 

47 A 8 107 

30.0 

15 

.071 

.067 

.0095 

.12 

47AE 109 

83.7 

5.1 

.038 

.20 

.015 

.39 

5lS» a11 

5.3 

~ 5 

.21 

.0050 

.0021 

.008 

53* 1 ? 7 

6.06 

20.3 

.31 

.055 

.034 

.076 

62Sm isa 

135 

10 

.66 

.17 

.22 

.11 

72 Hf a11 

102 

~ 1 

.17 

.0023 

.0008 

.004 

TS^® 1 

21.3 

4.1 

.12 

.020 

.0047 

.034 

tjl 8 6 

74" 

34 

18 

.81 

.16 

.26 

.061 

13A&11 

75 R ' ® 

84 

~ 3 

.11 

.012 

.0026 

.021 

79 Au 1&7 

95 

4.8 

.14 

.060 

.017 

.10 

SiTl 203 

7.6 

230 

.80 

.80 

1.27 

.32 


a 


Calculated using statistical weight factor 


g 
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Proton-neutron nuclei 
Even-even 


□ cans 




\ to67 ^23 

X <X 27 

X Qn! 

Brelt-WIgner single \ 

level formula \ 

(equation (7)) 

Absorption width, T a - 0.1 ev 


Absorption width, T a - 10 ev 


w 589 


io" c io“ x - i io . , io ict io* io° io° 10 

Neutron energy for first resonance, ev 

Plgure S. - Isotopic thermal neutron absorption cross section as related experimentally to neutron 
energy for first resonance and qualitative Indications of Breit-Vflgner single level formula. 
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» 



Resonance energy, Ep, ev 

Figure .4» - Variation of neutron scattering width with resonance 
energy as calculated from data of reference 1. Statistical 
weight factor g assumed equal to l/2„ 
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Figure 5. - Variation of neutron absorption width with resonance 
energy as calculated from data of reference 1. Statistical 
weight faotor g assumed equal to l/2. 
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